We report crystal structures of the Thermus thermophilus ribosome at 2.3-to 2.5-Å resolution, which have enabled modeling of rRNA modifications. The structures reveal contacts of modified nucleotides with mRNA and tRNAs or protein pY, and contacts within the ribosome interior stabilizing the functional fold of rRNA. Our work provides a resource to explore the roles of rRNA modifications and yields a more comprehensive atomic model of a bacterial ribosome.
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We report crystal structures of the Thermus thermophilus ribosome at 2.3-to 2.5-Å resolution, which have enabled modeling of rRNA modifications. The structures reveal contacts of modified nucleotides with mRNA and tRNAs or protein pY, and contacts within the ribosome interior stabilizing the functional fold of rRNA. Our work provides a resource to explore the roles of rRNA modifications and yields a more comprehensive atomic model of a bacterial ribosome.
Current models suggest that the high fidelity of protein synthesis by the ribosome requires numerous modifications of rRNA [1] [2] [3] . In bacteria, there are three major types of rRNA modifications: conversion of uridines to pseudouridines, methylation of the 2′-hydroxyl groups of ribose and methylation of nucleotide bases 1 . Modified nucleotides represent only a small fraction of all rRNA residues (23 out of ~4,400 total in T. thermophilus ribosomes 4 ) and cluster mainly near the ribosome functional centers. Numerous studies have shown that loss of rRNA modifications results in alteration of the structures of active sites [5] [6] [7] ; this in turn causes slower rates and lower accuracy of translation [8] [9] [10] as well as impaired responses to metabolites and antibiotics [11] [12] [13] . Despite the functional importance of rRNA modifications, the resolution of previous structural studies of the 70S ribosomes has been insufficient to unambiguously model modified nucleotides, which were instead modeled as regular RNA nucleotides.
Here, we set out to apply our recent advances in crystal treatment to reach diffraction resolution suitable for visualization of modified nucleotides within the 70S ribosome (Online Methods). As a result, we report two crystal structures of the T. thermophilus (Tth) 70S ribosome reflecting two functional states: hibernating ribosomes, in complex with the hibernation factor pY, and translating ribosomes, in complex with mRNA and tRNAs, determined at 2.3-Å and 2.5-Å resolution, respectively (I/σI = 1; Online Methods). The resolution at which I/σI = 2 is 2.5 Å and 2.7 Å for each structure, respectively. At this resolution, we could directly visualize methylation of ribose and nucleotide bases in the unbiased electron density maps ( Figs. 1 and 2) . Pseudouridines cannot be distinguished from uridines, and therefore their modeling was guided by biochemical data 4 . In one particular case, however, our electron density map confirmed the presence of pseudouridine (Ψ2605), a result consistent with hydrogen-bonding between the base and the phosphate via a water molecule, which is impossible for a uridine base ( Fig. 2b) . Apart from identifying rRNA modifications, the maps also confirmed the presence of a modification in ribosomal protein S12 (β-methylthiolation of residue Asp88 ( Fig. 1h and Supplementary Fig. 1a,b) ) and a prosthetic group in ribosomal protein S4 (the 4Fe-4S iron-sulfur cluster, coordinated by cysteine residues ( Fig. 1i and Supplementary  Fig. 1c,d) ). In total, each of our models contains 23 modified RNA nucleotides-all known modifications of Tth rRNA-among which 5 are conserved across bacteria, archaea and eukaryotes, 18 are common between Tth and Escherichia coli and 5 are specific to Tth (Figs. 1a and 2a and Supplementary Table 1 ). The structures revealed three major types of contacts formed by rRNA modifications: (i) with the ribosome ligands, (ii) between the ribosomal subunits and (iii) within the interior of the ribosomal RNA (Fig. 3a) . The first group comprises nucleotides m 2 2 G966, m 5 C1400 and m 4 Cm1402 of the 16S rRNA, which are all located within the peptidyl (P) site of the small ribosomal subunit. In the complex of 70S ribosomes with mRNA and tRNAs, the methyl groups of these residues surround the mRNA-tRNA duplex and contact the mRNA codon (m 4 Cm1402) and the wobble base pair (m 2 2 G966-m 5 C1400) ( Fig. 3b) , as predicted earlier 14, 15 . These contacts account for why loss of m 2 2 G966 methylation affects initiator-tRNA recruitment and translation initiation [16] [17] [18] . One of these modifications, 5-C-methylation of C1400, is absent in E. coli ribosomes and thereby may reflect adaptation of Tth ribosomes to high temperature via the extended stacking between the m 5 C1400 base and the wobble pair (Supplementary Table 1) . In the complex of 70S ribosomes with protein pY, the methyl groups of m 2 2 G966, m 5 C1400 and m 4 Cm1402 form hydrophobic contacts with pY ( Fig. 3c) . These contacts suggest that loss of rRNA modifications not only could alter the ribosome's affinity for P-site tRNA but also could reduce its affinity for the hibernation factor pY and thus impair the translational stress response and the stationary phase.
The second group comprises the 23S rRNA modifications of m 5 U1915 and Cm1920, which are located at the interface between the large and small ribosomal subunits (Supplementary Fig. 2a ). As previously shown, these modifications are among the most variable across the species 19 . Whereas U1915 is 5-C-methylated in Tth, it is 3-N-methylated and pseudouridylated in E. coli and unmethylated but pseudouridylated in archaea (Haloarcula marismortui) and eukaryotes (Saccharomyces cerevisiae and Homo sapiens) 19 . The second residue, C1920, is 2′-O-methylated in Tth, unmethylated in E. coli and pseudouridylated in eukaryotic ribosomes. In the classical state of the ribosome in both of our complexes, the 2′-O-methyl group forms hydrophobic interactions between the large and the small subunits (Supplementary Fig. 2a) . Therefore, these two modifications might adjust the strength of the intersubunit contacts to meet the requirements of translation at different temperatures or compensate for the interspecies variability in the intersubunit bridges. The third and the most abundant group comprises the remaining nucleotides that are buried inside and reside within the single-stranded rRNA segments or within highly distorted helices, in which rRNA adopts energetically unfavorable folds. Our structures revealed that, except for pseudouridines, most of these modifications form or extend the hydrophobic interactions that further stabilize rRNA structure. Perhaps the most unusual example of structural motifs involving rRNA modifications is our observation of a cluster of modified nucleotides in the mRNA channel (Fig. 3d) . In the middle part of this cluster, nucleotides C1403, m 3 U1498 and A1499 form a base triple, whose structure is supported by 3-N-methylation of U1498 and by stacking with the flanking bases of m 4 Cm1402 and m 5 C1404. These interactions occur at the interface of the mRNA channel and thus might be important for proper accommodation of the mRNA. As predicted by previous studies, similar motifs are found in other functional sites of the ribosome, such as the peptide-exit tunnel or the tRNA-binding sites on the large ribosomal subunit 3 . In the peptide-exit tunnel, the 2-C-methyl group of A2503 (m 2 A2503) extends the stacking between A2059 and A2503. This stacking supports the fold of the two singlestranded rRNA segments of the peptidyl transferase loop, which form the wall of the peptide-exit tunnel (Supplementary Fig. 2b) . In the A loop of the 23S rRNA, the 2′-O-methyl group of Um2552 intercalates between the bases of G2553 and U2554. Apparently, these contacts maintain the active conformation of the G2553 base, which is directly involved in accommodation of the aminoacyl-tRNA ( Supplementary  Fig. 2c) . Similarly, the P loop of the 23S rRNA carries 2′-O-methylated Gm2251, which is the key residue required for accommodation of the P-site tRNA via Watson-Crick base-pairing with the 3′ end of tRNA. The 2′-O-methyl group of Gm2251 forms additional hydrophobic contacts with the sugar of C2065 and the base of U2449 ( Supplementary  Fig. 2d ). Because the m 2 A2503, Gm2251 and Um2552 modifications are universally conserved across kingdoms of life, similar or identical interactions are expected to occur in the ribosomes from other species, including humans. Overall, Tth rRNA carries 18 rRNA modifications, which are buried or oriented toward the interior of rRNA helices and loops, where they form additional hydrophobic contacts with neighboring nucleotides and, in a few cases, with ribosomal proteins (Supplementary Table 1) . Therefore, the major role of modified nucleotides within the ribosome is possibly related to the maintenance of distorted rRNA folds at the functional interfaces of the ribosome.
In summary, we have visualized previously unseen modifications of ribosomal RNA. This allowed us to create what are, to our knowledge, the most comprehensive models of bacterial ribosome and provide a resource to explore unique properties of modified nucleotides in the context of translating or hibernating ribosomes. Because RNA modifications are present in most noncoding RNAs and mRNAs, our structures pave the way to understanding the general principles of how nucleotide modifications control RNA structure and function.
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